The antiproliferative properties and cell death mechanism induced by the extract of the fruits of Luffa echinata Roxb. (LER) were investigated. The methanolic extract of LER inhibited the proliferation of human colon cancer cells (HT-29) in both dose-dependent and time-dependent manners and caused a significant increase in the population of apoptotic cells. In addition, obvious shrinkage and destruction of the monolayer were observed in LER-treated cells, but not in untreated cells. Analysis of the cell cycle after treatment of HT-29 cells with various concentrations indicated that LER extracts inhibited the cellular proliferation of HT-29 cells via G2/M phase arrest of the cell cycle. The Reactive oxygen species (ROS) level determination revealed that LER extracts induced apoptotic cell death via ROS generation. In addition, LER treatment led to a rapid drop in mitochondrial membrane potential (MMP) as a decrease in fluorescence. The transcripts of several apoptosis-related genes were investigated by RT-PCR analysis. The caspase-3 transcripts of HT-29 cells significantly accumulated and the level of Bcl-XL mRNA was decreased after treatment with LER extract. Furthermore, the ratio of mitochondria-dependent apoptosis genes (Bax and Bcl-2) was sharply increased from 1.6 to 54.1. These experiments suggest that LER has anticancer properties via inducing the apoptosis in colon cancer cells, which provided the impetus for further studies on the therapeutic potential of LER against human colon carcinoma.
Introduction
Cancer is a serious clinical problem that poses enormous personal, clinical, and societal challenges to the healthcare system. Colorectal cancer (CRC) is the third most common cancer in both males and females and accounts for about 9% of cancer deaths each year. In 2008, 1.23 million new cases of colorectal cancer were clinically diagnosed, and it killed 608,000 people [1] . Several strategies have been applied to fight this cancer, including surgical resection, cytotoxic drugs, and radiation therapy [2] . A number of anti-cancer drugs have been isolated from plants [3] [4] [5] . There is an urgent need for new therapeutic agents for CRC patients. Apoptosis, as a physiological mode of cell death, is an intrinsic program and a key regulator of tissue homeostasis [6] . The imbalances between cell death and proliferation may result in tumor formation [7] . Thus, the objective of anti-cancer agent is to induce apoptosis-related signaling in cancer cells while disrupting their proliferation [8] .
Luffa echinata Roxb. (LER), a slender herb which grows widely in the Bengal, Gujarat and Uttar Pradesh regions of India, is commonly known as "Bindal" in Hundi and belongs to the Cucurbitaceae [9] . Some of its biologically active compounds have already been reported, including amariin [10] , echinatin, saponins [11] , hentriacontane, gypsogenin [12] , cucurbitacin B [13] , datiscacin, 2-O-β-D-glucopyranosyl cucurbitacin-B and 2-O-β-D-glucopyranosyl cucurbitacin-S [14] . The therapeutic properties of LER have been comprehensively studied. LER has been reported to potentiate hypnosis in mice [15] , and produce diuretic activity in dogs and cats [16] . LER showed some potential therapeutic effects on diabetes [17] , jaundice, biliary and intestinal colic, and enlarged liver and spleen [18] . Furthermore, the fruits of LER have a curative effect on hypertension [19] , chronic bronchitis, lung complaints and [9] and its hepatoproctive activity has been also reported [20] .
The aims of this study were to evaluate the cytotoxic properties of an extract prepared from the fruits of LER and to determine the mechanism of cell death elicited by the extract in CRC cells. The human colon cancer cell (HT-29) is a cell line widely used as an experimental model for in vitro studies of many normal and neoplastic processes. Thus, we investigated the effects of the methanolic extract of LER fruits on HT-29 cells.
Results and Discussion

LER Inhibits the Proliferation of HT-29 Cells
Before the investigation of anti-cancer activity of LER extract, the cytotoxicity of LER on normal cells was estimated using a cortical collecting duct (CCD-986Sk) cell line. LER showed low cytotoxicity on normal cells when its concentration was lower than 200 µg/mL ( Figure 1A ). In this study, human hepatocellular liver carcinoma cells (HepG2) cell line and human colon cancer cell line (HT-29) were used to examine the antiproliferative activity of LER extract by MTT assay ( Figure 1B) . Cultured HepG2 and HT-29 cells were treated with LER extracts for 24 h at the concentrations of 50, 100, and 200 µg/mL, respectively. LER extract showed no significant inhibition effect on HepG2 cells, however, LER dramatically inhibited HT-29 cell viability in a does-dependent manner. All concentrations of extracts exerted a significant inhibitory effect on the cells following 24 h of exposure to LER. Because the LER extract showed good anti-cancer activity on human colon cancer cell line, the anti-proliferative activity of LER extract on HT-29 cells was investigated further. Cultured HT-29 cells were treated with LER extract for 6, 12, 24, 48, and 72 h at the concentrations of 50, 100, and 200 µg/mL, respectively ( Figure 1C ). LER dramatically inhibited HT-29 cell viability in both dose-dependent and time-dependent manners. All concentrations of extracts exerted an inhibitory effect on the cells and the proliferation of HT-29 cells was reduce to 50% following 24 h of exposure to LER at 80.6 µg/mL. However, after 24 h, the changes in anti-proliferative effect of LER were not obviously different. Thus, the treatment with LER extract for 24 h was used as a model in further study. 
To examine the effect of the methanol extract on cellular morphology during cell death, the morphological changes in untreated HT-29 cells and cells treated with LER extract at different concentrations for 24 h were analyzed by light microscopy ( Figure 1D) . A dose-dependent reduction in population size was noted in the LER-treated cells. Direct observation by microscopy revealed the cellular morphology was severely disordered in the cells treated by 200 µg/mL LER extract. Compared to the untreated cells, the LER-treated cells showed obvious cell shrinkage, destruction of the monolayer, and condensed chromatin which was not seen in the untreated control cells.
LER Extract Induces a G2/M Cell Cycle Arrest in HT-29 Cells
Cell cytometry analysis was performed to investigate whether LER affected cell cycle regulation (Figure 2) . From the result, 21.59, 16.77, and 34.71% of cells were arrested at G2/M phase after treatment with 50, 100, and 200 μg/mL of LER extract, respectively, whereas in the untreated group, 
LER Extract Induces Cell Death by ROS Generation and Mitochondrial Membrane Potential (MMP) Lose
To determine whether the anti-proliferative effect of LER extract was mediated by the generation of reactive oxygen species (ROS), the ROS level in HT-29 cells was measured using DCFH-DA in a flow cytometry analysis system ( Figure 3A ). Compared to untreated control cells, the ROS levels in HT-29 cells were strongly increased after treatment with LER extract at various concentrations for 24 h. As shown in Figure 3A , the ROS generation in the HT-29 cells treated with 100 µg /mL of LER extract was sharply increased to 85.21%. Decreased fluorescence of 3,3'-dihexyloxacarbocyanine iodide (DiOC6) indicates a decrease in MMP and a loss of mitochondrial membrane integrity. FACS results from the treated/untreated HT-29 cells were shown in Figure 3B . Compared with the untreated group, levels of MMP in LER incubated groups were gradually decreased in the LER incubated cells in a dose-dependent manner (M1, 29.66% in untreated cells versus 48.43, 57.92, 65.85% in 50, 100, and 200 µg /mL respective treated HT-29 cells).
Expression of Apoptotic-Related Genes in LER Extract-Treated Cells
To investigate the possible molecular mechanism by which the LER extract triggered apoptosis in HT-29 cells, the expression of several apoptotic-related genes in HT-29 cells treated by LER was evaluated by RT-PCR with β-actin as an internal control (Figure 4 ). Compared to untreated cells, the caspase-3 transcripts of HT-29 cells significantly accumulated after treatment with LER extract for 24 h as a dose-dependent manner. The level of Bcl-XL mRNA was decreased gradually after exposure to 50, 100, and 200 µg /mL of LER extract. Furthermore, Bax expression was up-regulated, whereas that of Bcl-2 was down-regulated after exposure to increasing concentrations of LER extract. As the Bax and Bcl-2 expression ratio has been recognized as a key factor in regulation of the apoptotic process [21] , we examined the Bax/Bcl ratio after treatment with various concentrations of LER extract. The results showed the Bax/Bcl-2 ratio was sharply increased from 1.6 to 54.1 ( Figure 4D ). These experiments revealed that the increased Bax/Bcl-2 ratio accelerated apoptosis induced by LER extract in HT-29 cells. 
Discussion
Anti-tumor activity is estimated as the capacity of the test sample to selectively inhibit the growth of certain cancer cell lines [8] . Therefore, an agent that can selectively induce cell death in cancer cells with low cytotoxicity to the normal cells would be a potential chemotherapeutic agent against cancer. In this study, the antiproliferative effect of LER extract was assessed by the MTT assay. Mitochondrial dehydrogenase in living cells reduces yellow MTT to blue-purple formazan crystals [22] . We tested the anti-cancer effect of LER extract on human colon cancer cells (HT-29) and human hepatocellular liver carcinoma cells (HepG2). The anti-cancer effect of LER extract on HT-29 cells was much better compared to HepG2 cell lines ( Figure 1B ). Thus we focused on the anti-cancer effect on HT-29 cells in our further study. As shown in Figure 1C , all concentrations of extract we tested showed good inhibition effects on the proliferation of HT-29 cells in a time-dependent manner. Before the treatment for 24 h, the cell viability was sharply decreased. The 48 and 72 h incubated groups exhibited no obvious changes compared with the 24 h incubation group. Furthermore, the cytotoxicity of LER extract to a normal cell line (CCD-986Sk) was examined, and no obvious toxicity was observed when the cells were treated for 200 µg/mL LER extract for 24 h ( Figure 1A ). These findings provided the impetus for further studies on the mechanism(s) action of the LER extracts.
Apoptosis is the result of a highly complex cascade of cellular biochemical events characterized by blebbing, cell shrinkage, nuclear fragmentation, and chromatin condensation [23] . Most anti-cancer agents exert their cytotoxic effects by inducing apoptosis in tumor cells [24] . Therefore, the activity of apoptosis induction is vital in cancer treatment, and several chemotherapeutic drugs have been shown to induce apoptosis in vitro [25] . In this study, the treatment of LER extracts severely distorted the cellular morphology of HT-29 cells (Figure 1D ). When the dose up to 200 µg/mL, the majority of cells exhibited morphological features typical of apoptotic cells, including obvious shrinkage, destruction of the monolayer, and condensed chromatin. These experiments suggest that LER has anticancer properties in colon cancer cells via induction of apoptosis.
Cell growth is controlled by several genetically defined checkpoints which ensure the progression of cells through different stages of the cell cycle [26] . Some anticancer drugs inhibit cell proliferation and induce apoptosis via activating a variety of intracellular signaling pathways that arrest the cell cycle in the G1, S, or G2 phases [27] . It was also reported that the G2/M checkpoint plays an important role for DNA damage-induced apoptosis. It has been reported that most anticancer drugs induced cancerous DNA damage, blocked mitosis and arrested cells at the G2/M phase [28] [29] [30] . The G2/M phase cell cycle arrest involves interactions targeting tubulin or disrupting the tubulin-microtubule equilibrium [31] . In this study, the cells at G2/M phase after treatment by LER was almost 4 times higher compared to untreated control cells, which indicates that G2/M arrest by LER might participate in the inhibition of microtubule dynamics. Additional studies are needed to investigate effectively the molecular mechanism arresting HT-29 cells in the G2/M phase of the cell cycle.
In living organisms, a moderate increase in ROS can promote cell proliferation and differentiation, however, excessive amounts of ROS can cause oxidative damage to cells, and also be toxic to cancer cells [32] . Mitochondria are a source of ROS and play a central role in the regulation of apoptotic signaling. ROS, as a second messenger in multiple signaling pathways, play an important role in apoptosis by regulating the activity of certain enzymes involved in the cell death pathway [33] . Some anticancer drugs have been reported to trigger apoptosis in tumor cells, in part by inducing the formation of ROS [34] . In present study, the ROS level in HT-29 cells treated by LER extract was increased compared to control cells, which indicated that the LER-induced apoptosis in HT-29 cancer cells require the generation of ROS and LER extract induced apoptotic cell death through a ROS-dependent mechanism. Increased ROS product was suggested to be associated with mitochondria injury with a marked decreased in MMP [35] . Thus, we examined whether LER-induced ROS production in HT-29 cells could be coincident with changes in MMP during apoptosis (Figure 3) . LER treatment led to a rapid drop in MMP measured as a decrease in fluorescence. A high level of ROS in cells can cause peroxidative damage to the cell membrane [36] , consequent changes to the membrane permeability [37] , and loss of MMP. The major functions of mitochondria are protein import, adenosine triphosphate (ATP) generation, and oxidative phosphorylation redox reactions [38] . The MMP loss during apoptosis may be contribute to the death cell through the loss of mitochondrial functions.
Cells undergo apoptosis through two major pathways, including the extrinsic death receptor pathway, which triggers the activation of a caspase cascade, and the intrinsic mitochondrial pathway [39] . Caspases are closely involved in extrinsic apoptotic cell death and caspase-3 is the most commonly activated caspase during apoptosis [40] . In this study, the expression of caspase-3 was sharply induced by LER treatment in a dose-dependent manner, which confirms the conclusion that the LER can induce apoptosis in HT-29 cells (Figure 4A ). Some scientists have reported that the apoptosis process involves upregulation of caspase-3 mRNA, cleavage and activation of the inactive caspase-3 and loss of the activated caspase 3. Charles et al. [41] found the activation of caspase-3 during apoptosis could be a direct consequence of enhanced oxidative stress (e.g., generation of ROS). The reduction of oxidative stress by treatment with SOD suppresses activated transcription of caspase-3, thus leading to decreased levels of transcription of the mRNA. In our study, ROS level was gradually increased accompanied with the increase of caspase-3 transcripts level (Figures 3 and 4) , which supported the conclusion of Charles et al. [41] . So we thought the increase of caspase-3 mRNA was caused by increase ROS generation during the process of apoptosis in HT-29 cells treated by LER extract of different concentrations. Bcl-2 family proteins contain two types, including pro-apoptotic proteins such as Bax, Bak, and Bcl-Xs and the other type is antiapoptotic proteins such as Bcl-2, Bcl-XL [42] . Both biochemical and genetic evidence indicates that Bcl-2 family members can regulate cell death induced by caspases [43] . Bcl-2, a caspase substrate, can function as an antioxidant to inhibit apoptosis in a wide variety of cell types, which play a vital role in regulating the mitochondria-dependent pathway [44] . Previous studies have demonstrated that Bcl-2 and Bax locate in the mitochondrial outer-membrane and the Bcl-2/Bax ratio can be recognized as a key factor in regulation of the apoptotic process due to it regulates the release of mitochondrial cytochrome c to cytosol [21] . Our results showed that LER promoted the expression of Bax (pro-apoptotic protein) and decreased the levels of Bcl-2 and Bcl-XL (anti-apoptotic proteins) in a dose-dependent manner. Furthermore, the Bax/Bcl-2 ratio was sharply increased from 1.6 to 54.1 ( Figure 4B) . Therefore, these results indicate that treatment with LER induced cell death in mitochondrial apoptosis pathway.
Experimental
Plant Material and Extract Preparation
LER fruits was air dried under shade at room temperature and then powered. Ten grams of sample were extracted with methanol (200 mL) for 72 h. The extracts were filtered and evaporated in a rotary evaporator at 50 °C to obtain the final extract. The extract was dissolved in dimethyl sulfoxide (DMSO) and the final concentration of DMSO in each sample is 0.1%. The "zero" group in each experiments is the control group which was treated with 0.1% DMSO.
Cell Lines and Cell Culture
Cortical collecting duct (CCD-986Sk) cell lines were grown in Dulbecco's Modified Eagle's medium (DMEM). Human hepatocellular liver carcinoma cells (HepG2) and human colon cancer cell (HT-29) lines were maintained in Roswell Park Memorial Institute medium 1640 (RPMI 1640). The media were supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 100 U/mL penicillin and 100 µg/mL streptomycin. Cells were cultured in a humidified atmosphere and incubated at 37 °C in 5% CO 2 .
Cytotoxicity and Anti-Proliferation Test
CCD-986Sk cell line was used as normal cells control in this study. This cell line belongs to fibroblast cells and was established from skin taken from normal breast tissue removed during breast reduction mammoplasty. CCD-986Sk cell lines were seeded in 96-well plates (1 × 10 5 cells/well) and incubated in DMEM, at 37 °C in a 5% CO2 for 24 h. The cells were pretreated with 100, 200, 400, and 800 µg/mL of LER for 24 h. Otherwise, HepG2 and HT-29 cells were seeded in 96-well plates (1 × 10 5 cells/well) and incubated in RPMI 1640, at 37 °C in a humidified atmosphere of 5% CO 2 for 24 h. The two cell lines were incubated with 50, 100, and 200 µg/mL of LER extracts respectively for 24 h. In addition, The HT-29 cells were incubated with 50, 100, and 200 µg/mL of LER extracts for 6, 12, 24, 48, 72 h, respectively. A 2 mg/mL MTT solution (20 µL) was added to each well and incubated. After 4 h of incubation, the supernatant was discarded and 200 μL of DMSO was added to each well to terminate the reaction. The absorbance was measured at 550 nm using an enzyme-linked immunosorbent assay (ELISA) plate reader (Bio-Tek, Winooski, VT, USA). For the treated cells, viability is expressed as the percentage of control cells.
Light Microscopic Examination
HT-29 cells were seeded in 6-well plates (1 × 10 5 cells/well) and incubated for 24 h. After treated with 50, 100, and 200 µg/mL of LER extracts for further 24 h, the cells were observed under a light microscope (Olympus, Japan).
Cell Cycle Analysis
The 
Measurement of Reactive Oxygen Species (ROS) Level
The level of intracellular ROS was measured by the change in fluorescence resulting from oxidation of dichlorofluorescin diacetate (DCFH-DA). Cells were seeded in 6-well plates (1 × 10 6 cells/well) for 
Measurement of Mitochondrial Membrane Potential (MMP) Level
The mitochondrial membrane potential level was measured by 3,3'-dihexyloxacarbocyanine iodide (DiOC 6 ). Briefly, HT-29 cells (1 × 10 6 ) were seeded in 6-well plate for 24 h. 
RNA Isolation and Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis
Total RNA was isolated from the LER treated cells by using a Trizol RNA isolation kit (Invitrogen, Carlsbad, CA, USA) and stored at −80 °C for subsequent analysis. First-strand cDNA was synthesized from 1 μg of the DNase-treated total RNA using AccuPower ® PCR PreMix containing oligo(dT) primers and Moloney murine leukemia virus reverse transcriptase (M-MLV RT, Invitrogen). The sequences of primers used in RT-PCR were shown in 
Statistical Analyses
Cytotoxicity and anti-proliferative activity of LER extract were carried out independently in triplicate (n = 3). Data are expressed as the mean ± standard derivation (SD). One-way analysis of variance (ANOVA) was used to test for significant differences between the groups followed by the Duncan test for multiple comparisons. Differences were considered significant when p < 0.05. All analyses were performed using SPSS 16 (SPSS Institute, Cary, NC, USA). Gene expression levels were quantified with the image analysis software program (Quantity One; Bio-Rad, Hercules, CA, USA).
Conclusions
In conclusion, our study indicates that the methanolic extract of LER exerts its antiproliferative effects by inducing apoptotic cell death, and causing G2/S arrest in HT-29 cells. LER also promotes ROS generation and MMP loss in mitochondria and regulates the Bax and Bcl-2 genes. Thus, L. echinata Roxb. should be considered as a potential therapeutic in the treatment of human colon cancer. However, additional studies to determine its in vivo biological activities and to identify the phytochemicals responsible for their anticancer activities will be needed.
